The organization and dynamics of the genome has been shown to influence gene expression in many organisms. Data from mammalian tissue culture cells have provided conflicting conclusions with regard to the extent to which chromatin organization is inherited from mother to daughter nuclei. In order to gain insight into chromatin organization and dynamics we developed transgenic Arabidopsis lines in which centromeres were tagged with a GFP fusion of the centromere-specific histone H3. 
Introduction
The centromere, the primary constriction of the chromosome, is a DNA-protein structure that directs the movement of chromosomes during mitosis and meiosis. All centromeric regions contain specialized nucleosomes in which histone 3 is replaced by the centromere-specific histone H3 (CENH3). CENH3 was known variously as CENP-A (human), Cse4 (S. cerevisiae), Cnp1 (S. pombe), , and Cid (Drosophila) (Palmer et al., 1987; Stoler et al., 1995; Doe et al., 1998; Buchwitz et al., 1999; Henikoff et al., 2000) . More recently, plant CENH3s were isolated from Arabidopsis (HTR12) (Talbert et al., 2002) , Zea Mays (maize CENH3) (Zhong et al., 2002) , Oryza sativa (rice CENH3) (Nagaki et al., 2004) , Saccharum officinarum (SoCENH3) , and from Luzula nivea (LnCENH3), which has holocentric chromosomes . Despite the divergence of centromeric DNA, domain organization (centromere core and pericentromere) seems to be conserved in plants, yeast and mammalians, and each domain has distinct functions for formation of the kinetochore structure or sister centromere cohesion (Kniola et al., 2001; Appelgren et al., 2003; Zhang et al., 2005) . Arabidopsis centromeres consist of a core domain, which is characterized by HTR12-and Ser10-phosphohistone H3-containing nucleosomes as well as 180bp satellite DNA repeats (Shibata and Murata, 2004) . The centromere is flanked by pericentromeric heterochromatin domains which contain canonical histone H3 and middle repetitive elements, including retroelements and transposons (Copenhaver et al., 1999; reviewed in Jiang et al., 2003; Heslop-Harrison et al., 2003) .
Similar to mammalian chromosomes, Arabidopsis chromosomes are organized as well-defined chromosome territories in interphase nuclei (Pecinka et al., 2004) . Early observations with salamander cells suggested a preferentially polarized organization of chromosomes with centromeres clustered at one end of the nucleus (the apical side) and telomeres at the opposite end (the basal side), known as the Rabl configuration (Rabl, 1885) . The Rabl configuration has been observed in trypanosomes (Chung et al., 1990) , fission yeast (Funabiki et al., 1993) and Drosophila (Agard and Sedat, 1983; Hochstrasser et al., 1986; Marshall et al., 1996) . Mammalian cells do not show such a simple polar organization of interphase chromosomes, as centromeres and telomeres can be found distributed throughout the nucleus (Luderus et al., 1996; Shelby et al., 1996) . In plants, a Rabl configuration was observed in onion root tip cells (Stack and Clark, 1974) , and other monocots with a large genome (Abranches et al., 1998; Dong and Jiang, 1998; Wegel and Shaw, 2005) , but not in plant species with a small genome (Dong and Jiang, 1998; Talbert et al., 2002; Franz et al., 2002) . Arabidopsis centromere localization was observed in fixed cells in two-dimensions (Talbert et al., 2002) , however, the 3-D spatial positioning of centromeres has not been characterized in living Arabidopsis plants.
Many studies have addressed chromatin dynamics in the interphase nucleus in mammalian cells as well as in Drosophila and yeast (reviewed in Spector, 2003) . The general consensus has been that chromatin movement is constrained within the interphase nucleus. However, data regarding chromatin dynamics in living plants is limited (reviewed in Lam et al., 2004) . Chromatin at 3 T-DNA insertions on the upper arm of chromosome 3 were observed to undergo diffusive movement in constrained areas, and the confinement area in endoreduplicated pavement cells was over six times larger than in diploid guard cells (Kato and Lam, 2003) . However, thus far, the dynamics of centromeres has not been examined in living Arabidopsis plants.
During mitosis, it is well known that chromosomes with DNA are precisely transmitted from mother cell to daughter cells. Several studies have addressed the positioning of chromatin in mammalian daughter nuclei after mitosis, another important question regarding transmission of genetic/epigenetic information during cell division.
By photobleaching GFP-tagged chromatin, Walter et al. (2003) found the location of chromosome territories to be stably maintained from mid G1 to late G2, but major changes were observed from one cell cycle to the next. In addition, chromosome movement in early G1 was suggested to play a role in the final placement of chromosome territories in interphase nuclei. In contrast, Gerlich et al. (2003) concluded that global chromosome positions are transmitted through mitosis in mouse NRK cells. More recently, Thomson et al. (2004) found the radial positioning of chromatin is not inherited through mitosis in human HT1080 cells. Increased chromatin mobility was detected during the first 2 hours of G1 and association with nuclear compartments was both gained and lost. However, it is not clear whether the observed mitotic transmission pattern of chromatin in mammalian cultured cells is representative of that found in a multicellular living organism where the mitotic cells are embedded in a living tissue, and may be regulated by signals from adjacent cells or other cells in the same organism. To address this point, we studied in situ transmission of centromeres through mitosis in root meristematic cells, a diploid cell type in the flowering plant Arabidopsis thaliana.
Here, we have taken advantage of Arabidopsis thaliana, with only 10 centromeres in diploid cells, to study the three-dimensional organization and dynamics of centromeres in interphase nuclei and through mitosis in living Arabidopsis plants. Centromeres were in vivo tagged by expressing a fusion of centromere-specific histone 3 (HTR12) with green fluorescent protein (GFP) variants. By in situ imaging of the transgenic plants, we addressed how the centromeres are organized in the interphase nucleus in three dimensions, whether this organization is different in endoreduplicated cells, and whether centromeres are dynamic in interphase nuclei. Furthermore, we followed the movement of each centromere through mitosis by 4-D microscopy to address whether global centromere positions are transmitted from mother to daughter cells and whether the nuclei of the two daughter cells are symmetric.
Materials and Methods

Constructs
The endogenous promoter and terminator of the centromere-specific histone H3 variant gene HTR12 (At1g01370) and a histone H2B gene HTB1 (At1g07790) ( A. thaliana ecotype, Columbia) were used to regulate the expression of the fusion proteins.
A 2.5 kb genomic DNA fragment of HTR12 including upstream regulatory sequences, 5' untranslated region, coding sequences and introns was PCR-amplified by using primers Gly 5 -Ala (Fang et al., 2004 ) was added at the N-terminus of GFP, Venus and CFP, these fragments contain a 5'AgeI and a 3' NotI restriction site.
These PCR fragments were cloned into pCR2.1 vector (Invitrogen, USA), confirmed by sequencing, and then released by treatment with the respective restriction enzymes. HTR12 was directionally subcloned into the HindIII/EcoRI digested vector pFGC5941 (http://www.chromdb.org) with the direction: HindIII-HTR12 upstream regulatory sequence-HTR12 coding DNA with introns-AgeI-Gly 5 -Ala linker-Venus (or GFP)-NotI -HTR12 terminator-EcoRI to obtain binary vectors: (1) P HTR12 -HTR12-Venus-T HTR12 and (2) P HTR12 -HTR12-GFP-T HTR12 . HTB1 was directionally subcloned into the BamHI/EcoRI digested vector pCambia2300 (CAMBIA, Australia) with the direction: BamHI-HTB1 upsteam regulatory sequence-HTB1 coding DNA-AgeI-Gly 5 -Ala linker-CFP-NotI -HTB1 terminator-EcoRI to obtain binary vector P HTB1 -HTB1-CFP-T HTB1 .
Plant Transformation and Co-transformation
The vectors P HTR12 -HTR12-Venus-T HTR12 , P HTR12 -HTR12-GFP-T HTR12 and P HTB1 -HTB1-CFP-T HTB1 were introduced into Agrobacterium tumefaciens strain GV3101 by electroporation. Arabidopsis thaliana (ecotype Columbia) plants were transformed by the floral dip method (Clough and Bent, 1998) . Co-transformation was performed by mixing equal amounts of GV3101(P HTR12 -HTR12-Venus-T HTR12 ) and GV3101(P HTB1 -HTB1-CFP-T HTB1 ) suspension before dipping. Transgenic plant selection and growth conditions were described in Fang et al. (2004) . Selective agents used were: 12 mg/L glufosinate-ammonium (Aldrich Inc.,USA) for HTR12-GFP, 50 mg/L kanamycin and 12 mg/L glufosinate-ammonium for co-transformats of HTR12-Venus and HTB1-CFP.
Transgenic lines carrying one copy of each transgene were used for imaging.
Fluorescence Deconvolution Microscopy and Time-Lapse Three-Dimensional (4-D)
Live Cell Imaging
Fluorescence deconvolution microscopy and setting were performed as described in Fang et al. (2004) . Filters used for Venus were excitation: 495/20 nm/nm, emission: 535/30 nm/nm, for CFP were 436/10 nm/nm, 470/30 nm/nm, for GFP were 485/25 nm/nm, 520/40 nm/nm and 86006bs beamsplitter (Chroma, Brattleboro, VT).
T2 transgenic plants of HTR12-Venus and HTB1-CFP cotransformats were used for imaging. Rosette leaves (about 0.5 × 0.5 cm 2 ), sepal, and petal were cut and mounted in MS medium between two 50 × 24 mm No. 1.5 coverslips and immediately used for imaging. The image stacks of nuclei were collected with a Z step size of 0.20 µm.
HTR12-GFP transgenic T2 seeds were used for 4-D imaging. For imaging the root meristematic cells, the transgenic seeds were sown onto chambered coverglass system (Nalge Nunc International, IL), the growing roots in MS medium was used for imaging (Fang et al., 2004) . Time-lapse 4-D images up to 2 hours with a time point interval of 45 seconds were collected in seven sections with a image size of 512 × 512 pixels, an exposure time of 0.06 second for each section, and a Z step size of 0.60 µm.
Deconvolution, measurement of distances, and volume rendering of the image stacks were performed using softWoRx software (Applied Precision, Issaquah, WA). The Deltavision files were saved as TIF images and processed using Adobe Photoshop 7.0.
Quantitative Analyses of Centromere Positions
Deconvolved 3-D stacks were rotated to an angle where the centromere of interest is closest to the nuclear periphery as observed in projection (nuclei are defined by HTB1-CFP or diffuse HTR12-GFP signals). Centromere positions were then quantified similar to analyses of telomere position described in Hediger et al. (2002) . To determine the position of the centromere of interest, the centromere spot-to-periphery distance (x) was divided by the nucleus radius (r). Each centromere fell into one of three concentric spherical zones of equal surface (zone I: x < 0.184 r; zone II: x = 0.184 r to 0.422 r; zone III: x > 0.422 r) ( Figure 2 ).
Measurement of Centromere Movements
To exclude error in measurement caused by z-axis resolution and nuclear rotation, we selected nuclei in which the two centromeres remained in the same z-section, an approach used previously in studies on budding yeast, Drosophila and human cells (Berg, 1993) . As a control, roots of transgenic seedlings were fixed in PBS containing 4% formaldehyde prepared freshly from paraformaldehyde followed by washing and 4-D microscopic visualization.
Cell Tracking and Centromere Tracking Through Mitosis
Cell and centromere tracking were performed using softWoRx software. Selected cells were tracked by centering the cell in the image stacks to eliminate the effect of root growth on data analysis. Image stacks containing the cell of interest were then cut time point by time point from the raw data and assembled into 4-D images. After deconvolution, centromeres were segmented and tracked in individual sections, partial projection images (projection of only a part of sections) and total maximum projection images (projection of all sections). The same centromere in a section and the total maximum projection image at a given time point was defined by comparing the signal intensity and its x and y positions in pixel numbers. At least three identical results were obtained from independent centromere tracking processes for each mitotic event.
Results
Three-dimensional Localization of Centromeres in Nuclei of Living Arabidopsis
Plants
In order to visualize centromeres in living Arabidopsis plants, amplified HTR12 genomic DNA including the promoter region and 5' untranslated region, was fused in frame with Venus, a brighter variant of yellow fluorescent protein (YFP) (Nagai et al., 2002) . In addition, an endogenous terminator was used to control the stability of the fusion mRNA. The results reveal that all of the ten centromeres in a given guard cell nucleus localize at the nuclear periphery and are distributed all around the nucleus.
Although centromere 4 appears to be in the center of the nucleus in the 0º rotation, the 90º rotation shows that it is at the periphery (top) of the nucleus. Importantly, no obvious symmetric pattern can be observed in the two guard cells ( The results demonstrated that centromeres in all of these cell types localize predominantly at the nuclear periphery.
Organization of Centromeres in Endoreduplicated Cell Types
As endoreduplicated cells contain a significantly larger number of chromosomes it is of interest to investigate how sister centromeres are organized in such cells. We studied the organization of centromeres in larger leaf epidermal pavement cells and root epidermal cells in the differentiated region, these cells have larger and elongated nuclei with ploidy levels more than 2C (Melaragno, et al., 1993) . In the nuclei of Figure 3B and B'), indicating that endoreduplicated sister centromeres in these cells are more disassociated than those in the root epidermal cells ( Figure 3A and A').
Dynamics of Arabidopsis Centromeres in Interphase
Time-lapse 3-D image stacks were collected from root tips of transgenic seedlings growing in slide chambers to study the dynamics of centromeres during interphase. In initial experiments, we found that long-term excitation in the CFP channel caused bleaching of centromeric signals in the Venus channel. Therefore, we labeled the centromeres with HTR12-GFP, which is more stable for imaging. For GFP single channel imaging, the low degree of nucleoplasmic signal of HTR12-GFP served as a reference for nuclear shape.
As roots were growing during the imaging time, cell tracking was applied to center the cells of interest. The small nuclear size and peripheral positioning of centromeres in Arabidopsis resulted in larger relative movements in projection images due to nuclear rotation. To characterize centromere dynamics in living plants with severe nuclear rotations, we measured the distance between two centromeres in a single image section, in which the centromeres were sustained in the focal plane ( Figure 4A , also see 
Three-dimensional Positioning of Centromeres through Mitosis
The three-dimensional positions of centromeres in the mother cell and the two daughter cells were investigated to ascertain if global centromeric position is transmitted to daughter cells. To track centromere positions through mitosis, we collected time-lapse 3-D image stacks of Arabidopsis root meristematic cells. To minimize photo-toxicity due to the excitation light, we collect data using a short exposure time (0.06 s) for each section (see methods). The cells were followed as they progressed through mitosis and the root growth rate at the beginning of imaging was similar to that at the end of imaging (our unpublished results), indicating that our imaging conditions were appropriate.
During mitosis, possibly due to anchoring of microtubules, we observed much less rotation of centromeres than that in interphase nuclei, making centromere tracking less complicated. We could unambiguously follow the movements of all the visible centromeres through mitosis in about half of the mitotic events observed.
We analyzed nine complete in vivo mitotic events. Figure 5A shows a typical distribution of centromeres through mitosis in Arabidopsis root meristemic cells (see also Supplemental Video3). From prophase to metaphase, upon breaking down of nuclear envelope, each pair of sister centromeres rotated at a different angle gradually to become oriented perpendicular to the metaphase plate (compare the angles of sister centromeres in Figure 5A from 0 min to 23 min 15 s and corresponding Supplementary Video3).
Centromere order perpendicular to the spindle axis was partially preserved along the metaphase plate ( Figure 5A ). For example, in the G2/prophase mother cell the sequence of centromeres from top to bottom is 1-10-2-3-9-8-4(7)-5(6) ( Figure 5A , 0 min), while in metaphase ( Figure 5A , 23 min 15 s), the sequence is 10-1-2-3-4-9-7-8-5-6, indicating some repositioning of chromosomes upon formation of the metaphase plate. In contrast, the spatial information of centromeres along the spindle axis was totally lost upon superimposion of these sister centromeres to the metaphase plate ( Figure 5A , 23min 15 s, compare to Figure 5A , 0 min).
The movements of the same set of centromeres were followed until early G1 to locate where the paired sister centromeres resided after they were pulled apart ( Figure   5A , from 23 min 15 s to 51 min 45 s, see also Supplemental Video3). In early anaphase, sister centromeres start to move toward opposite poles, however, movement is not synchronous as some move early (for example, Figure 5A , 25 min 30 s, centromere 1 in left and centromeres 3 and 8 in right daughter nuclei), and others move later (for example, Figure 5A , 25 min 30 s, centromeres 2 and 5 in left and centromeres 1 and 5 in right daughter nuclei). Importantly, the behavior of sister centromeres is not the same, as shown in Figure 5A (25 min 30 s): centromere 1 moves first toward the left daughter nucleus, while it moves later toward the right daughter nucleus; centromere 2 moves first toward the right daughter nucleus, while it moves later toward the left daughter nucleus.
Although the lagging centromeres in early anaphase normally move to the proximal areas of the daughter nuclei (41/51) and advancing centromeres move to distal parts of daughter nuclei (44/53), lagging centromeres can move to the distal part of the daughter nuclei (see centromere 5 in the right daughter nuclei in Figure 5A , 25 min 30 s and 51 min 45 s), and the advancing centromeres can move to proximal parts of the daughter nuclei. In later telophase and early G1, centromeres expand isometrically upon the enlargement of the nuclear envelope of daughter nuclei without changing their neighborhood (see Supplementary Video3).
Figure 5B might result in more complicated arrangements of chromosomes 2 and 4 than that of chromosomes 1, 3, 5. Tagging telomeres by telomere repeat-binding protein-GFP fusions has been a good approach to study the localization and dynamics of telomeres in human cells (Mattern et al., 2004) , however, in vivo tagging of plant homologues of telomere repeat-binding proteins (AtTRP1 or AtTBP1) (Chen et al., 2001; Hwang et al., 2001) show no detectable signal at telomeres (our unpublished results). Labeling individual chromatin loci by LacI-GFP/LacO tagging and quantitatively analyzing their localization at the genomic level will further elucidate genome organization in living plant cells (reviewed in Lam et al., 2004) .
Although centromeres are localized at the nuclear periphery in all cell types examined, clear differences were observed in the organization of endoreduplicated sister centromeres between larger leaf and root epidermal cells, implying a tissue-specific centromere/chromatin organization as plant leaves and roots have distinct functions. Celltype dependent differences in the organization of RNA processing factors in Arabidopsis further support this concept (Fang et al., 2004) . In addition, a tissue-specific spatial organization of the genome was previously observed in animal tissues (Parada at al., 2005) .
Stability of Centromere Position in Arabidopsis Interphase Nuclei
In mammalian cells, individual loci or centromeric regions undergo slow diffusional movement that is confined to a radius of less than 1 μm (Abney et al., 1997; Chubb et al. 2002; and Shelby et al., 1996) and only rarely were single domains found to move 1-3 μm (Shelby et al., 1996; Tumbar and Belmont, 2001) . Here, we have demonstrated that plant centromeres are confined to the nuclear periphery, and the movement of individual tagged chromatin loci also exhibit constrained movement in diploid and endoreduplicated Arabidopsis cells (Kato and Lam, 2003) . Thus, a rather "structured" chromatin organization can be proposed for Arabidopsis interphase nuclei.
We observed a lower diffusion coefficient of centromeres at the nuclear envelope (7.78 × 10 -5 µm 2 /s) than what was observed for chromatin loci at internal nuclear regions (>1.25 × 10 -4 µm 2 /s) (Kato and Lam, 2003) , implying a possible interaction between centromeres and the nuclear envelope. Reduced chromatin mobility near the nucleoli and nuclear periphery has also been reported in mammalian cells and yeast (Chubb et al., 2002; Heun et al., 2001 ). The nuclear lamina in mammalian cells and Drosophila has been suggested to anchor chromatin domains (Paddy et al., 1990) . However, no bona fide lamina appears to exist in yeast and plants, and Arabidopsis does not encode identifiable homologs of genes encoding for metazoan lamins or lamina-associated integral inner nuclear membrane proteins (Rose et al., 2004) . Future studies should identify the interaction partners between centromeres and the Arabidopsis nuclear envelope and clarify whether disruption to normal centromere positioning affects gene expression, chromosome segregation or other biological processes.
Flexibility of Centromere Positions through Mitosis
Individual Arabidopsis chromosomes occupy discrete nuclear regions termed chromosomal territories with little intermixing among territories (Pecinka et al., 2004) , similar to what has been observed in mammalian cells (Manuelidis, 1985; Cremer et al., 1988; Lichter et al., 1988; Pinkel et al., 1988) and other plant species (Schwarzacher et al., 1989; Leitch et al., 1990) . To assess chromosomal position, we tracked the set of of Arabidopsis cells are predominantly random, except for NOR-bearing chromosomes (Pecinka et al., 2004) . Moreover, as these plant cells are fully functional, both mother cell and daughter cells have the potential to develop into whole plants, suggesting that the epigenetic information is not lost upon changes in chromosome position during mitosis.
Therefore, the relative centromere/chromosome territory positions at the nuclear periphery might not serve as important epigenetic markers, but instead may function in anchoring the genome.
Although somewhat controversial in mammalian cells (Walter et al., 2003; Gerlich et al., 2003) , centromere position in Arabidopsis does not appear to be absolutely transmitted to daughter cells during cell division. However, the global position of
Arabidopsis centromeres at the nuclear periphery and their constrained movement is more highly conserved. In human cells, it was found that gene-dense chromosome 19 is localized at a more internal nuclear position compared to gene-poor chromosome 18 (Croft et al., 1999; Cremer et al., 2001; Tanabe et al., 2002) . In a more detailed study of A projection image of a small leaf epidermal cell nucleus is shown in the left panel.
Centromeres were labeled by HTR12-Venus in green and nucleus was labeled by HTB1-CFP in magenta. The distance of the centromere of interest (arrowhead) to the nuclear periphery (x) is divided by the nuclear radius (r). Centromere position can be mapped to three concentric zones of equal surface (I, II, III) as described in methods. Bar =1 µm 
